Abstract: This paper presents a robustness-enhanced adaptive control scheme and application to an experiment for the focusing of an optical read-write head for optical data storage drives. Minimum-variance adaptive controllers have applied recursive least-squares algorithms to predict output disturbance and dynamically compute control commands to minimize the output error. This existing adaptive control could become unstable when significant modeling errors and uncertainties exist. An extension is made to the existent adaptive control scheme to achieve robust stability while minimally sacrificing the control performance. Simulation and experiment conducted on the optical focusing of a digital video recording drive's read-write head demonstrate that the proposed robustness enhancement adaptive control scheme is effective in achieving stability and performance while the existing adaptive control fails.
INTRODUCTION
A common characteristic of minimum-variance output feedback controllers is that the controllers often amplify low-level high-frequency noise while minimizing the meansquare values of the output errors. This results from the fact that such controllers must have large high-frequency gains to predict broadband disturbances. In adaptive control, large controller gains in high-frequencies could also occur when the training signals for adaptive filtering lacks high frequency components to adequately constrain the adaptive filter's high frequency gains. In some applications, the high frequency amplification results in control command saturation and generate serious spiking phenomenon in output error produced by the combination of control-signal saturation and amplified high-frequency noise. Recently, Pérez Arancibia et al. [2009] presented a method for incorporating frequency weighting in the adaptive filtering, where a high-pass filtering is applied to the training signal, to constrain the high-frequency gain of the adaptive filter that generates the adaptive control command. The frequency responses of both experimental and theoretically computed steady-state filters have shown that the frequency weighting reduces the high-frequency gains. In the experiment, the frequency weighting indeed reduces the amplification of high-frequency noise and eliminates the spikes in the output error.
Another issue arises when the modeling errors between the plant model and the actual plant dynamics are sufficiently ⋆ This work was supported by the U.S Naval Office of Research under Grant N00014 07-1-1063 and the National Science Foundation under Grant CMMI-0751261. significant to effect on the adaptive control performance and even stability. Since the unmodeled dynamics are typically more pronounced in the high frequencies, it is desirable to suppress the high frequency gains of the adaptive filter to render a robustly stable closed loop system. Depending on the modeling error and uncertainties, the degree of high frequency gain reduction required may be even more than what can be accomplished by the aforementioned frequency weighting method. The filter gains of the high-pass frequency weighting technique would be inversely proportional to the plant gains, which typically taper off as frequency increase.
To reduce the controller high frequency gains, one would be tempted to cascading a low-pass filter to the adaptive filter in the feedback control loop. However, the phase delay of the low-pass filter could substantially degrade the control performance if it is not appropriately accounted for. In this paper we introduce filters in both the feedback control loop and the adaptive filtering loop respectively to explicitly reduce the adaptive controller's high frequency gains so as to strike a balance of stability and control performance. We demonstrate this robustness enhanced adaptive control scheme by it's application to the focusing control of an optical disk drive head under unknown and unmeasurable disturbances.
In the fields of optical storage and optical imaging systems, many applications require precise focusing of optical waves or laser beams subjected to vibration of optical housing and components that disturbs the focusing quality. Vibration-induced jitter typically consists of multiple narrow and broad bandwidths produced by such excitations as device rotating motion, manipulation, and transportation compounded with vibration modes of the structure supporting the optical system. Focusing control is required for a digital video recording read/write head (pick-up head), which has lightly damped elastic modes that cause jitter et al. [2000] , Sekiya and Kagami [1992] , Yokoyama et al. [1994] , Imagawa et al. [2001] , Cohen et al. [1984] , Baek et al. [2006] , Liu [2006, 2007] , Choi and Kim [2008] , Zhou et al. [2004] . This complex combination of disturbances, which often change with time, calls for use of adaptive controllers capable of rejecting disturbances with broadband and varying spectra.
Recent literature on control of jitter in laser beams has introduced adaptive control methods that reject jitter with a broad bandwidth and multiple narrow bandwidths. Adaptive controllers based on least-mean-squares (LMS) adaptive filters McEver et al. [2004] and recursive leastsquares (RLS) filters Pérez Arancibia et al. [2006] , Orzechowski et al. [2008] have been applied to laser beam control and other applications, including the reduction of the read-write head position error in computer disk drives Sacks et al. [1996] , Bodson and Douglas [1997] , Bodson et al. [1994] , Horowitz and Li [1996] , Horowitz et al. [1998] , Krishnamoorthy and Tsao [Boston, MA, Jun. 2004 , pp. 1171 -1175 , 2010 . The unmodeled plant dynamics in this literature were not significantly large to cause instability. This is however not the case for the optical pick-up head focusing considered in this paper.
The rest of the paper is organized as follows. Section 2 presents the adaptive control scheme with the proposed extension. Section 3 gives the description of the experimental system, followed by the identified plant model in Section 4. The simulation and experimental results are presented in Section 5, followed by the conclusion in Section 6.
GAIN CONSTRAINED ADAPTIVE CONTROL
The class of minimum-variance adaptive controllers considered in this paper is illustrated in Fig. 1 . All signals are considered scalar sequences and all blocks are SISO systems. The transfer functions G(z) andĜ(z) are the true plant and the plant model, respectively, both assumed to be stable. This control structure is closed-loop stable if G(z) =Ĝ(z) and F (z) is stable. In the adaptive filtering loop, the gains in F (z) are updated to minimize the RMS value of the tuning signal e. A copy of F (z) uses the same gains to generate the adaptive control signal u.
The adaptive filter F (z) has finite impulse response (FIR), with the lattice realization in Jiang and Gibson [1995] . For high orders of F , the RLS lattice filter is more computationally efficient and numerically stable than the classical RLS algorithm, which has been used for low-order filters in various adaptive-control applications (e.g., Horowitz and Li [1996] , Horowitz et al. [1998] , Krishnamoorthy and Tsao [Boston, MA, Jun. 2004 , pp. 1171 -1175 ). As discussed in Jiang and Gibson [1995] , Pérez Arancibia et al. [2006] , Orzechowski et al. [2008] , the order-recursive structure of the lattice filter allows variable-order adaptive control. During adaptation, lattice-filter generates adaptive control commands of all orders n ≤ L, with the order increasing to the maximum order L in steady-state. For the experiments and simulations in this paper, values of L up to 256 were used.
The blocks M and D are used to improve the robustness of the adaptive controller with respect to plant modeling error G −Ĝ, which is largest at high frequencies. A sufficient condition for input-output stability of the adaptive system is
This implies that the norm of the gain of the filter M F should be constrained in bandwidths of large modeling error.
The adaptive filter identifies the gains in F to minimize the tuning signal
while the output y satisfies
When (1) holds, e and y satisfy
With the RLS adaptation, the adaptive filter F becomes slowly time varying and a well known swapping lemma applies to analyze the performance as if F were time invariant, which leads to FĜD =ĜDF . If G =Ĝ and D = M , then e = y in steady state.
The filter M is chosen to be low-pass to limit the highfrequency gain of M F . However, if D = M , the adaptive filter will identify an F with even larger high-frequency gain than would be case without M because F will attempt to invert the small high-frequency gain of M , so that the high-frequency gain of M F is not reduced. Taking D to be all-pass with phase delay equal to that of M at all frequencies causes the adaptive filter to identify F with the correct phase, which is the critical issue for closed-loop stability, without causing F to attempt to invert the small high-frequency gain of M . This can be done by choosing M to be a linear-phase low-pass filter and D to be the group delay of M (i.e., the time delay that M introduces at all frequencies).
In steady state, it follows from (4) and (5) that
Hence the tuning signal e and the output error y in steady state differ only in the high-frequency range where the gains of D and M differ.
In this paper, the M and D pairs have the form
Filters M of this form have zero gain at the Nyquist frequency for any m. The bandwidth of M decreases as m increases, thereby increasing robustness with respect to modeling error in view of (1). However, for larger values of m, M introduces more delay and hence greater disturbance prediction error in the adaptive loop. In subsequent sections, the performance of the adaptive control loop is compared for m = 1 and m = 2.
DESCRIPTION OF THE EXPERIMENT
The DVD in the experiment has a pick-up head with wavelength 650 nm, spot diameter 0.659 µm, focusing depth 0.90 µm, and linear range 6 µm. The DVD pickup head uses a laser diode to generate light source. The laser beam passes through a diffraction grating, a linear polarizer, a polarized beam splitter, a quarter-wave plate, a collimator and objective lens and focus on the disc. The beam reflected from the disc passes through a quarter wave plate, a polarized beam splitter and a cylindrical lens and projects onto the four-element photodiode array (quadrant detector, QD), which outputs a read-out signal corresponding to the focusing error signal (FES) Cohen et al. [1984] , Mansuripur [1987] . The detection method of focusing is astigmatism method shown in Fig. 2 . When the object is too far or too close to the focal plane, the result is an elliptical shape. If the object is located on the focal plane, the result is circular shape. As the disk or objective lens is moved up and down, the FES varies in the form of the S-curve, as shown on the far right in Fig. 3 . The FES is given by
where V a , V b , V c and V d represent the output of QD. Another output is sum of QD, which is referred to as RF signal. The RF signal can be used to check the laser spot focus on the disc. The circuit board include an automatic power control (APC) driver for the laser diode, an operational circuit for the QD, and two motor drivers for the voice coil motor (VCM) and spindle motor. The xPC target sends actuator commands to VCM, spindle motor, or shaker and acquires FES and RF from QD. The sample-and-hold rate for the control system is 2 kHz. 
PLANT MODELS AND PID CONTROL

The open-loop plant
The open-loop discrete-time transfer function G OP (z) maps the VCM control command to the sampled output FES. For control design, it is assumed that all signals are sufficiently small that the FES remains in the linear range of the S curve in Fig. 3 . The subspace system identification algorithm N 4SID in MATLAB was used to identify the linear modelĜ
of the open-loop transfer function from 70,000 samples of input-output data. Fig. 4 shows the bode plot ofĜ OP (z).
Closed-loop system with PID feedback control
Prior to adaptive control, a linear time-invariant control loop containing the tuned PID controller
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is computed. Fig. 5 showsŜ computed as in (11), along with the sensitivity transfer function measured directly in the experiment. The Bode plots in Fig. 5 show relatively good agreement between these two sensitivity functions and that the error-rejection bandwidth produced by the PID loop is about 80 Hz.
SIMULATION AND EXPERIMENTAL RESULTS
Simulation
The simulation replicates the system in Fig. 3 , including the quantizer, saturation block and the S-curve nonlinearity, all of which are in the physical system. The simulation uses multiple sinusoidal disturbances to simulate the effects of turbulence and shock, which are the main disturbances in portable DVD video recorders. The frequencies and respective amplitudes in the disturbance are 5.5 11 50 65 75 (Hz) 0.010 0.005 0.005 0.003 0.015 (volt) . The RMS value of the FES with PID control only is 0.4067. Figure 6 shows the RMS values of FES for various orders of the lattice filter, with and without the M filter and M 2 . The adaptive control without the M and D filtering is stable and convergent only for order up to 2 and cannot work beyond that order. On the other hand, the introduction of the properly designed M and D filters render quite robust and good performance for all orders. As should be expected, the RMS value of the FES decreases with increasing lattice order.
Experiment
In the first experiment the voice coil motor (VCM) generated both the control commands and the same multifrequency sinusoidal disturbance used in the simulations, although the disturbance signals were not available to the control loops. The FES signals for PID control only and several versions of the adaptive controller are compared in Fig. 7 . The experimental and simulation results are similar. In particular, the importance of the M and D filters is evident and agree with the simulation results. Also the RMS value of the FES decreases as the order of the adaptive lattice filter increases.
In the second set of experiments, a mechanical shaker was used to generate multi-frequency sinusoidal disturbances, and the VCM was used only as the control actuator. Three piezoelectric actuators supporting three legs of the DVD drive were used as the shaker to generate vibration. The frequencies and respective amplitudes of the piezoelectric drive amplifiers are 5 11 75 (Hz) 2 0.1 0.05 (volt) .
For these experiments, Figs. 8 show the FES focus error. The adaptive control, which is FIR with 256th order, converges rapidly and significantly improves over the PID closed-loop error. With adaptive control, the PSD (9) of the FES shows that the shaker excites multiple modes of the drive vibration modes. While the adaptive control decrease or increase the magnitudes at various frequencies over the PID control, it equalizes the error spectrum and make the them below 0 dB. with 256 order FIR and the M filter with n=2 always maintain focus with small error. It can also be noted from the frequency of the focus intensity traces that correlates to the increase of the rotational speed.
CONCLUSIONS
This paper has introduced an extension to enhance the robustness of the adaptive control system, which minimizes output error variance. When the plant model is considerably different from the actual plant dynamics the proposed extension improves robustness of the adaptive feedback system by introducing the low-pass M filter in 
